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INTRODUCTION
Human serum transferrin is a member of a class of iron-binding proteins, designated as siderophilins, that is widely distributed through the animal kingdom (1) . A synergistic anion is required for metal binding, and there are two metal-synergistic anion binding sites per protein (1, 2) . The naturally occurring synergistic anion is carbonate. Nonsynergistic anions (chloride, perchlorate, et cetera) also bind to transferrin to alter the iron-binding site indirectly through conformational changes in the protein (3) . There is considerable interest in understanding the interaction of both synergistic and nonsynergistic anions with the metal and the protein because it has been suggested that both types of anion play a role in the removal of iron from transferrin in vivo (4) . This paper examines the mode of synergistic anion binding. Preliminary reports of this work were presented at MR-90, Brisbane, Australia; 1-5 July 1990 (Abstr. P-9) and 32nd Rocky Mountain Conference, Denver, CO, 29 July-3 August 1990 (Abstr. 308).
Schlabach and Bates (2) used visible spectroscopy to determine which anions could substitute for carbonate as the synergistic anion in the iron-transferrin complex. They concluded that a carboxylate group and a proximal polar group (hydroxy, keto, amino, or carboxylate) within 6.3 to 7.0 A of the carboxylate were required for synergistic binding (2) . At most one bulky group could be present on the carbon a to the carboxylate. They proposed a model in which the carboxylate group of the anion interacts with a positively charged group on the protein, while the proximal functional group binds to the iron.
In the EPR spectra of vanadyl-transferrin-anion complexes of anions containing a carboxylate and a proximal group, the value of a,, was found to be anion dependent (5) . On this basis, it was proposed that the proximal group was coordinated to the vanadyl.
Coordination of carbonate anion to the metal bound to transferrin has been demonstrated by several spectroscopic studies. "3C-metal coupling was observed in nuclear magnetic resonance (NMR) studies of 205TI (6) and tt3Cd (7) transferrin complexes with "3CO'-and in electron spin echo envelope modulation (ESEEM) studies of vanadyl (8) , Cu(II) (9) , and Fe (III) (9) complexes of transferrin with "3CO'-. ESEEM studies of the Cu (II) and vanadyl complexes of Tf indicated bidentate coordination of oxalate anion (8) . Inequivalence of the '3C NMR signals for 13C-oxalate bound to GaTf was interpreted as indicating that one end of the oxalate was bound to the metal and the other end interacted with the protein (10) . An alternate interpretation of those results is that both ends of the oxalate are bound to the metal, but the two ends interact differently with the protein environment (8) .
The x-ray crystal structures of FeTfCO3 at 3.3 A resolution (11) and of FeLfCO3 at 3.2 A resolution (12) showed that the protein provided four ligands to the iron (two tyrosines, one histidine, and one aspartate), leaving two sites available for interaction with anion and/or water. After completion of the work reported in this paper, a higher resolution structure of FeLfCO3 showed that the carbonate was bound to the iron as a bidentate ligand (13 
Preparation of complexes
Iron-transferrin-anion complexes were formed by a procedure similar to that reported by Schlabach and Bates (2) and by Najarian et al. (17) . For anions other than carbonate, a nitrogen-filled glove box was used to maintain a C02-free atmosphere for complex formation (18, 19) . The apoprotein was dissolved in 0.09 M Hepes buffer at pH 3.5-4.0 and purged with nitrogen gas to remove traces of CO2. FeCl3 was added to an acidic solution of the anion and the mixture was added to the apoprotein. The Fe(III) concentration was equal to the concentration of binding sites and the anion concentration was about three times the concentration of Fe(III). The pH was adjusted to 7.5 with ammonia mixed with nitrogen gas that had been passed over a 2 Pulsed EPR data were obtained with two-and three-pulse sequences on a spectrometer that has been described previously (20) . Two-pulse data consisted of 1,024 data points at 2-ns intervals starting at 220 ns. Three-pulse data consisted of 1,700 data points at 6-ns intervals starting at 330 ns. Temperature was controlled at 2-3 K with an Oxford ESR910 pumped liquid helium cryostat. The magnetic field was set to the g' = 4.3 signal. The ESEEM data were cosine Fourier transformed to determine the characteristic modulation frequencies. The method of Mims (21) was used to extrapolate the data into the instrument "dead time." The analysis of the 13C modulation frequencies to obtain the value of the iron-13C coupling constant was performed as reported for the analysis of the ESEEM data for FeTf["3CO3] (9) .
Characterization of complexes
The visible spectra of the FeTfanion complexes had bands between 400 and 480 nm and were in good agreement with literature spectra (2) . Most of the complexes were reddish, but the phenyllactate and lactate complexes were yellow. The positions of the bands in the visible spectra did not correlate with the dependence of the EPR spectra on anion. Thus, the EPR spectra provide information on a different aspect of the metal binding environment than the visible spectra do.
The EPR spectra of the FeTf complexes with carbonate, NTA, oxalate, and malonate agreed with those reported by Aisen et al. (14, 15 spectra are combinations of the spectra observed for the anions in groups I and III. This assignment is supported by the spectrum in Fig. 3 doublets. Fig. 4 Chloride is a nonsynergistic anion that is known to lated spectra for affect the details of iron transferrin EPR spectra (3) and 0.1 and 0.2. The is an important parameter in release of iron from the n in Fig. 4 (Table 2) and are attributed to EID ratios between 1/3 and 0.04. The combined data from the simulations and Table 2 show that the geometry of the iron site, as manifest in values of EID, is sensitive to the donor strength of the proximal group on the anion. However, other features of the EPR spectra such as those arising from the conformational equilibrium that is influenced by chloride and the broad distributions of EID values, are not correlated with the nature of the synergistic anion and may reflect features of protein structure in the vicinity of the metalsynergistic anion site. (Fig. 10, a and b) clearly shows that the '3C-nuclear spin has an impact on the modulation. The Fourier transform ESEEM data for 0 400 800 1200 1600 2000 Gauss the [1-13C] pyruvate complex show that the intensity at 3.0
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MHz is increased in the two-pulse data (Fig. 9 a) and a new peak is present in the three-pulse data at 3.0 MHz (Fig. 9c ) when compared with the data for FeTfpyruvate (Fig. 9, b and d) . The two-pulse data also show a sum-peak at vc + VH =9.8 MHz (not shown). The frequencies of these peaks indicate an iron-3C coupling constant of 1.3 MHz, which is similar to the value of 1.5
MHz that was observed for FeTf13CO3 (9) . This coupling shows that the carbonate end of the pyruvate is bound to the iron. (24) . NMR proton relaxivity studies of Co(II) carbonic anhydrase (25) and Cu(II) carbonic anhydrase (26) complexes with oxalate were interpreted in terms of coordination of both carboxylate groups. (d) After completion of this work, it was reported that the x-ray structure coordinates for FeLfCO3 can accommodate coordination of oxalate via both carboxylate groups (13) . It has been shown recently that bromopyruvate and hydroxypyruvate react with a lysine near the metalbinding site of the closely related protein ovotransferrin (27) . These covalently bound groups are highly effective synergistic anions. It has been proposed that the E-amino group of lysine is part of the anion binding site for transferrin (27) , and the crystal structure of transferrin shows that there is a lysine in close proximity to the iron binding site (11) . Coordination of the covalently attached anions can be accommodated in a diagram (Fig. 11 e) analogous to that proposed for the anions above.
CONCLUSIONS
The dependence of the EPR spectra of FeTfanion on the proximal group of the anion and the observation of Fe-'3C coupling in the ESEEM for FeTf [1-13C] pyruvate indicate that both the carboxylate and proximal group are coordinated to the iron in FeTfanion complexes: the anions are bidentate. The variation in the proximal group of the anion causes the zero field splitting parameter ratio EID to change from 1/3 for carbonate to 0.04 for malonate. These observations lead to a new model for metal-site coordination of synergistic anions in transferrin: a carboxyl and one other polar group are ligands to the iron and the carboxyl also serves as a bridge between the iron and a positive charge on the protein. This bridge to the protein may be sensitive to factors including ionic strength and pH that influence release of iron from transferrin. Support of this work by National Institutes of Health (NIH) grant GM21156 (G. R. Eaton and S. S. Eaton) and by NIH grant GM36232 (B. J. Gaffney) is gratefully acknowledged.
